Cytokinin-like activity in samples of xylem and phloem sap collected from field-grown plants of white lupin (Lupinus albus L.) over a period of 9 to 24 weeks after sowing was measured using the soybean hypocotyl callus bioassay following paper chromatographic separation. The phloem sap was collected from shallow incisions made at the base of the stem, the base of the inflorescence (e.g. stem top), the petioles, and the base and tip of the fruit. Xylem sap was collected as root exudate from the stump of plants severed a few centimeters above ground level. Concentration of cytokinin-like substances was highest in phloem sap collected from the base of the inflorescence and showed an increase over the entire sampling period (from week 10 [61 nanogram zeatin equivalents] to week 24 [407 nanogram zeatin equivalents]). Concentrations in the xylem sap and in the other phloem saps were generally lower. Relatively high concentrations of cytokinin-like substances in petiole phloem sap (70 to 130 nanogram zeatin equivalents per milliliter) coincided in time with high concentrations in sap from the base of the inflorescence (see above). Concentrations in sap (phloem or xylem) from the base of the stem were very much lower. This finding is consistent with movement of cytokinins from leaves into the developing inflorescence and fruit, rather than direct input to the fruit from xylem sap. However, an earlier movement of cytokinins from roots into leaves via the xylem cannot be ruled out. Sap collected at an 18-week harvest was additionally separated by sequential C18 reversed-phase high performance liquid chromatography -0 NH2 normal phase high performance liquid chromatography, bioassayed, and then analyzed by electron impact gas chromatography-mass spectrometry. Identification of zeatin riboside and dihydrozeatin as two of the major cytokinins in combined sap samples was accomplished by gas chromatography-mass spectrometry-selected ion monitoring.
Although the CKs3 of xylem sap (root exudate) have been analyzed in a variety of species (13, 18, 29, 31, 36) , phloem sap has received much less attention. This is largely due to the difficulty of obtaining uncontaminated phloem exudates from the majority of plants. Early work on the analysis of phloem constituents has generally used woody plants, which readily yield sap from bark incisions (1, 37) , although certain herbaceous species, particularly legumes, have also been found to yield phloem sap (2, 10, 23) . Cytokinins, however, have been analyzed in the phloem sap of only a few species and only one of these analyses, that of phloem sap from detopped inflorescences of Yucca (34) (24, 28) , from Ricinus bark incisions (1 1) , from Yucca using de-topped inflorescences (32, 33) , and from exudates obtained from cut fruit stalks of white lupin (which also included xylem sap) (5) .
Cytokinin-like substances and the metabolism of certain CKs in the tissues of the white lupin (Lupinus albus L.) have also been examined in some detail (3) (4) (5) (6) (7) 30) . In addition, the CKs in various tissue parts of related lupin species have been identified (25) , and the metabolism of Z, [9R]Z, and (diH)[9R]Z in these species examined (8, 14, 20, 21, 26 Phloem and xylem sap samples were freeze-dried before purification. They were initially dissolved in 10 mL of 80% methanol and were passed through a 3-g C18-PC to remove pigments and nonpolar compounds.
[3H]Dihydrozeatin (46.2 Ci/mmol; Amersham) was added before the C18-PC as a quantitative internal standard to estimate losses during workup and to assist in localization of bioactive peaks, relative to a known CK. The C18-PC was washed with an additional 20 mL of 80% methanol, and the eluate was then taken to dryness in vacuo at 35C. The sample was redissolved in 0.01 M Tris, pH 6.5 (5-10 mL), and loaded onto a 3-g DEAE cellulose column (M. Brenner, personal communication), which was then washed with an additional 20 mL of Tris. All CKs except ribotides should be eluted from the DEAE cellulose column. The ribotide-containing fraction was then eluted with 1 M KCI, lyophilized, and kept for further analysis. The Tris eluate was lyophilized and then dissolved in 1 mL of 5% acetonitrile in 0.1 % acetic acid, and subjected to reversed phase C18-HPLC (column, Waters ,u-Bondapak; program, 5% acetonitrile for 5 min, 10% acetonitrile for the next 12 min, then a linear gradient up to 50% acetonitrile over the next 20 min, and finally isocratic elution at 50% acetonitrile for an additional 8 min). The Rts of authentic CKs were determined through the use of UV absorption (254 nm). After lyophilization, one-tenth of each fraction was bioassayed using the carrot callus bioassay (17) . Active peaks were grouped and rechromatographed on a NH2-HPLC column (Alltech) using hexane and ethanol, both acidified with 0.01% acetic acid, (modified after [9] (12) , putative ribosides were silylated using pyridine and BSTFA 1:1 at 65°C for 30 min (12) , and putative sugar conjugates were permethylated (27) . The samples were injected into a GC-MS (HP 5790A, column DBR-1SN; J. & W. Scientific Inc.) with a temperature rise of 25°C/min from 600 to 270°C. Endogenous CKs were identified based on the sequential HPLC and capillary GC Rts (relative to authentic standards), and on the relative intensities of characteristic ions using either GC-MS (full spectrum) or GC-selected ion monitoring (19) .
RESULTS

Plant Growth
During growth between 10 and 24 weeks (e.g. September to December) after sowing, the dry weight of leaves on the main stem of L. albus gradually declined as senescence, followed by abscission, occurred ( Fig. 2A) . By week 20, many leaves had fallen. A parallel increase in dry weight of side shoots, main stem, and roots occurred from week 10 onward, followed by a decline at week 22 (main stem, roots) or week 24 (side shoots) (Fig. 2B) . The inflorescence (flowers initially, then seed pods) increased in dry weight during the entire 10 to 24 week period ( Fig. 2A) . Fig. 3 ), the other (*) having been stored frozen for several months, before paper chromatographic separation and assay on the soybean hypocotyl section bioassay. Although quantities differ appreciably between the two replicates (either due to plant-to-plant differences, storage, or undetermined handling or assay differences), the overall trend with time is similar between the two replicate samples.
the upper stem (base of the inflorescence) increased over the entire 10 to 24 week period (from 61 ng Z equivalents to 407 ng Z equivalents [ Figs. 3 and 4] ), roughly parallel with the dry weight increase of the inflorescence (Fig. 2) . Cytokinin-like activity in phloem or xylem saps from other organs (Fig. 5) was generally lower than that from the upper stem phloem sap (Figs. 3 and 4) . However, petiole sap was quite high in cytokinin-like activity (Fig. 5 ) during earlier stages of fruit development, before leaf senescence.
Some difficulty was experienced in collecting sufficient sap for analysis at later harvests from certain sites on the plant. Thus, phloem sap from the base of the main stem was no longer produced freely after week 20, a time when collection of root exudate (xylem sap) also became increasingly difficult. Also, leaves (and petioles) on the main stem were undergoing abscission by week 20, thereby precluding sap collection from these older leaves. The activity of CK-like substances in these saps increased slightly up to week 14, showed a slight decline during weeks 14 to 18 (consistent for sap from all organs except for the upper stem), and then increased again. The trend in activity for the upper stem phloem sap was a more consistent increase during the entire sample period (Fig. 3) .
A better qualitative separation on CK-like substances was accomplished by C18 HPLC on 18-week samples (Fig. 6) . However, this methodology was not available to us when performing the assays for fresh sap samples from all of weeks 10 to 24, and quantitation after paper chromatographic sep- respectively) was accomplished by GC-MS-selected ion monitoring of bioactive fractions from several NH2 HPLC eluates. The basis for identification is a comparison of relative intensities for characteristic m/z ions (relative to the intensities for authentic CKs), and their Rts on capillary GC (again relative to authentic CKs). These were the only CKs identified in the major bioactive HPLC peaks subjected to GC-MS. It is also likely that the major (broad) bioactive peak shown at the RF of [9R]Z and (diH)Z (Fig. 3, weeks 18-24) represents, primarily, these two CKs. from reversed phase C18 HPLC (see Fig. 6, top) . B, bioactive peaks eluting at min 21 to 36 (expected Rts of 2-iP, 2-iPA) from reversed phase C18 HPLC (see Fig. 6 , top). From this and other NH2 normal phase HPLC runs, those fractions eluting at 21 to 26 min (Fig. 7B) were combined, derivatized, and subjected to GC-MS (see Table II ) yielding an identification of (diH)Z, based on the Rt and relative intensities of characteristic m/z ions. Additionally, fractions eluting at 27 to 36 min (Fig. 7B) were combined, derivatized, and also subjected to GC-MS (see Table I ), yielding an identification of [9R]Z, based on the Rt and relative intensities of characterisitic m/z ions. GC-MS was also attempted for the bioactive peaks shown in A (e.g. 2-iP, 2-iPA Rts), but no cytokinin could be identified by either full spectrum GC-MS or GC-selected ion monitoring. 2iP, 2-isopentenyladenine; 2iPA, 2-isopentenyladenosine; (9G)Z, zeatin-9-glucoside. 
DISCUSSION
Earlier work (3, 4) has indicated that there is a decline in CK-like activity in the root exudate of white lupin to a relatively low level from week 5 (vegetative) to week 11 (flowering). Thereafter, CK-like levels in the root exudate increase throughout fruit development. Roughly similar trends are evident for xylem sap in the present study (Fig. 5) , but the greatest increase in CK-like activity in the xylem sap occurs after week 18, corresponding with the rapid development of the lupin fruits on the primary inflorescence. Cytokinin-like activity in phloem sap collected from the base of the main stem, and from the petioles, follows a pattern similar to the xylem sap, although activity is higher, especially for the petiole sap (Fig. 5) . However, the largest increase (and highest level) of CK-like activity is found in phloem sap taken from the base of the inflorescence (stem top) during fruit development (Figs. 3 and 4) . In another earlier study (5), a mixture of xylem and phloem sap was collected from the cut surface of the lupin fruit stalk at three periods during fruit development. They (5) showed an initial increase in CK-like activity (up to 6 weeks after anthesis), followed by a decline at the mature fruit stage (10 weeks after anthesis). However, our results indicate that CK-like activity does not decline in stem phloem sap moving into the late maturing fruit (Figs. 3 and  4) .
The differences between our results (Figs. 3 and 4 ) and the work of Davey and Van Staden (5) are probably due to developmental stage differences (they had considerably fewer sampling times), or to environmental factors during the inflorescence development and pod maturation. It is unlikely that purification or chromatographic or assay procedure differences would have contributed to differences in the overall trends of CK-like activity noted between the two studies. Nor is it likely that the inclusion of xylem and phloem sap together in their assays influenced the overall results, since xylem sap makes only a minor contribution to the overall activity at most sampling times (Figs. 5 and 6 ).
The relatively high levels of CK-like activity in petiole phloem sap (70-130 ng Z eq per mL sap) (Fig. 5) , when compared with those CK levels found in phloem sap obtained from the base of the inflorescence (61-407 ng, Fig. 3 ) is consistent with movement of CKs from leaves into the developing inflorescence and fruit, rather than from movement of CKs in the phloem from the basal part of the stem, or movement of CKs in the xylem directly to the inflorescence. Calculations by Letham et al. (14) note, in fact, that less than 1.1% of the seed CKs would be derived directly from the xylem. However, an earlier movement of CKs from the roots into leaves via the xylem cannot be ruled out.
Also, the late increase (fivefold) in CK-like activity in xylem sap from weeks 18 to 22 (Fig. 5) would indicate that the root system is becoming a more important source of CKs late in pod maturation, after leaves of the main stem have senesced and are beginning to abscise, but while dry weight increase of the pods and side shoots is still occurring.
Cytokinin metabolism in lupin is complex, and appears to involve most of the known Z derivatives (14, 26) . A study by Table II . Identification of (dih)Z from lupin xylem and phloem saps by GC-MS-selected ion monitoring, and capillary GC Rt Bioactive (carrot callus assay) fractions 7 to 20' ([diH]Z Rt) from C18 reversed phase HPLC of xylem sap, and of phloem sap from several locations, were combined and then run on NH2 normal phase HPLC. From NH2 HPLC (see Fig. 7 
